Abstract. Necrotic damage leads to a massive leakage from injured cells of different intracellular constituents such as glutamate (Glu) and ATP, which are believed to play a role in the neuronal survival in the brain. In this study, we evaluated pharmacological properties of ATP, which is shown to be an endogenous inhibitor of N-methyl-D-aspartate (NMDA) receptors, on the neurotoxicity relevant to mitochondrial membrane potential disruption in cultured rat hippocampal neurons. Exposure to Glu or NMDA significantly inhibited cellular viability determined 24 and 48 h later, while simultaneous addition of 1 mM ATP significantly ameliorated the decreased viability in neurons exposed to Glu and NMDA, but not in those exposed to other cytotoxins. Both Glu and NMDA markedly increased intracellular free Ca 2+ levels in a manner sensitive to blockade by the exposure to ATP, but not by that to adenosine. Exposure to ATP significantly delayed the rate of mitochondrial membrane potential disruption induced by Glu and NMDA. These results suggest that extracellular ATP would play a role as an endogenous antagonist endowed to protect rat hippocampal neurons from the excitotoxicity mediated by NMDA receptors in association with the delayed mitochondrial membrane potential disruption after the liberation from adjacent cells under necrotic death.
Introduction
Glutamate (Glu) is believed to play a dual role as an excitatory neurotransmitter and an endogenous excitatory neurotoxin in the mammalian central nervous system (CNS), whereas both roles are undoubtedly mediated by membrane Glu receptors categorized into two major subclasses, ionotropic (iGluR) and metabotropic (mGluR) receptors, on the basis of individual signal transduction systems as well as molecular sequential homology. In contrast to other iGluR subtypes, the N-methyl-D-aspartate (NMDA) receptor (NMDAR) is a subtype consisting of a heteromeric protein complex among four different subunits toward the orchestration of a ligand-gated ion channel permeable to Ca 2+ rather than Na + ions. Activation of NMDAR leads to an elevation of intracellular free Ca 2+ concentrations in CNS neurons (1, 2) , which is at least in part responsible for a variety of physiological and pathological phenomena in the brain. These include neuronal development (3), neuronal plasticity (4), and neuronal toxicity (5, 6) . However, the mechanisms by which excess Ca cortical neurons (5) , by dizocilpine (MK-801) in retinal ganglion cells (7) , and by ifenprodil in cortical and hippocampal neurons (8, 9) . Although the neuronal toxicity of Glu is dependent on the concentration of extracellular Ca 2+ (10) , indeed, the origin and the route of Ca 2+ may be quite critical for the mechanisms underlying neuronal cell death in addition to the amount of Ca 2+ entered in neurons. A number of Ca 2+ gates are expressed at the cellular surface in neurons, such as voltage-sensitive and receptor-operated Ca 2+ channels, while neuronal cell death is selectively mediated by the Ca 2+ entry across NMDAR channels composed of the heteromeric assembly with the GluN2B subunit (11) .
In our previous studies (12) , brief exposure to either Glu or NMDA leads to subsequent loss of cellular viability in cultured rat hippocampal neurons, without markedly affecting that in cortical neurons, with similarly effective cell death induced by the endoplasmic reticulum (ER) stressor tunicamycin, the mitochondrial stressor 2,4-dinitrophenol (DNP), the oxidative stressor hydrogen peroxide, and the calcium stressor A23187 in both hippocampal and cortical neurons. In contrast to the higher intracellular free Ca 2+ levels in resistant cortical neurons than in vulnerable hippocampal neurons in response to NMDA, NMDA is more effective in disrupting the mitochondrial membrane potential (ΔΨ) in hippocampal neurons than in cortical neurons (12) . On the basis of these findings, we proposed that hippocampal neurons would be highly vulnerable to the neurotoxicity mediated by NMDAR through a mechanism related to ΔΨ disruption, rather than intracellular free Ca 2+ overload. On the other hand, different cytotoxic stressors would induce a massive leakage of a variety of endogenous active ingredients enriched in the cytoplasm after the necrotic destruction of neurons, astroglia, microglia, and so on in the CNS. Glu is undoubtedly one of these soluble ingredients endowed to kill adjacent neurons toward domino neurotoxicity, in fact, whereas the leakage of ATP is shown to activate neighboring microglial cells (13) toward different phenotypes such as chemotaxis (14) , in addition to releasing oxygen radicals (15) , proinflammatory cytokines (16 -18) , and chemokines (19) . Extracellular ATP is also shown to protect cultured rat hippocampal neurons from NMDA-mediated neurotoxicity as an antagonist for the GluN2B subunit in a manner independent of any purinergic receptor subtypes such as P1 and P2 receptors (20) . However, little attention has been paid to the role of ΔΨ disruption mediated by NMDAR in the mechanism underlying the neuroprotection by ATP to date.
In this study, therefore, we attempted to demonstrate the possible correlation between Glu and ATP with regards to the neurotoxicity relevant to ΔΨ disruption mediated by NMDAR in cultured rat hippocampal neurons to surmise the pathological significance of the aforementioned leakage of soluble cellular components after cytotoxic stress.
Materials and Methods

Materials
Wistar rats were supplied by Sankyo Labo Service (Toyama). Poly-L-lysine, cytosine arabinoside, antibodies against microtubules-associated protein-2 (MAP2) and glial fibrillary acidic protein (GFAP), tunicamycin, A23187, DNP, and NMDA were purchased from Sigma Chemical (St. Louis, MO, USA). Fluo-3 acetoxymethyl ester (AM), Rhodamine (Rhod)-123 AM, Versene, Dulbecco's modified Eagle medium (DMEM), and Dulbecco's modified Eagle's medium : Nutrient Mixture F-12 (1:1) Mixture (DMEM/F-12) were supplied by Invitrogen (Carlsbad, CA, USA). ECL Advance TM was purchased from GE Healthcare (Little Chalfont, Buckinghamshire, UK). Other chemicals used were of the commercially available highest purity.
Neuronal cultures
The protocol employed here meets the guideline of The Japanese Pharmacological Society and was approved by the Committee for the Ethical Use of Experimental Animals at Kanazawa University. All efforts were invariably made to minimize animal suffering, to reduce the number of animals used, and to utilize alternatives to in vivo techniques. Primary hippocampal neuronal cultures were obtained from 18-day-old embryonic Wistar rats according to the procedures of di Porzio et al. (21) , with minor modifications (12) . In brief, hippocampi were dissected and incubated with Versene at 37°C for 12 min. Cells were then dissociated mechanically using a firenarrowed Pasteur pipette in the culture medium, and dissociated cells were plated at a density of 3 × 10 5 cells/ cm 2 on plastic dishes (6-or 24-well plate) coated with 75 μg/ml poly-L-lysine in DMEM/F-12 with 10% fetal bovine serum (FBS) after a Trypan Blue dye exclusion test. After 3 days, medium was changed to defined medium: DMEM supplemented with 33 mM glucose, 2 mM glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin, 5 mM HEPES, 13 mM sodium bicarbonate, 50 μg/ml apotransferrin, 500 ng/ml insulin, 1 pM β-estradiol, 3 nM triiodothyronine, 20 nM progesterone, 8 ng/ml sodium selenite, and 100 μM putrescine. Culture media were filtered through a polyethersulfone membrane with a pore size of 0.2 μm before each use. Cells were cultured in DMEM with the aforementioned supplementation for different days up to 9 days at 37°C in a 5% CO 2 / 95% air humidified incubator with medium change every 3 days.
Cultures were treated with 10 μM cytosine arabinoside for 24 h during 2 to 3 days to reduce the number of proliferating cells. Under these culture conditions, approximately 95% of cells were immunoreactive for the neuronal marker MAP2 on double immunocytochemical analysis using antibodies against MAP2 and the astroglial marker GFAP (data not shown).
3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) reduction assay
Cell viability was measured by MTT reduction colorimetric assays (22) with minor modifications (23) . Culture medium was replaced with 10 mM HEPES buffer (pH 7.4) containing 129 mM NaCl, 4 mM KCl, 2 mM CaCl 2 , and 4.2 mM glucose. Cells were then exposed to Glu, NMDA, and other compounds at different concentrations for 1 h at 37°C in either the presence or absence of ATP at a concentration range of 1 μM to 1 mM unless otherwise indicated, followed by replacement of culture medium with defined DMEM for further culture for an additional 24 or 48 h. Cells were then incubated with 0.5 mg/ml MTT for 2 h, followed by solubilization with a lysis solution containing 99.5% isopropanol and 40 mM HCl. The amount of MTT formazan product was determined by measuring the absorbance at 550 nm on a microplate reader. Relative values were calculated as percentages over the value obtained in the control group.
Hoechst33342 staining
Cultured neurons were exposed to 10 μM Glu or 100 μM NMDA for 1 h in either the presence or absence of ATP, followed by additional culturing for different periods up to 24 h and subsequent staining with the membrane permeable dye Hoechst33342 for DNA at 10 μM. The number of cells with aggregated nuclei was counted as apoptotic dead cells for calculation of the ratio of living cells over the total cells stained with Hoechst33342 in five different visual fields selected at random on a fluorescence microscope (BZ-8000; Keyence, Osaka).
Determination of ATP levels
Neurons cultured for 8 days were washed once with recording medium containing 129 mM NaCl, 4 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 4.2 mM glucose, and 10 mM HEPES (pH 7.4), followed by incubation with 1 mM ATP in recording medium at 37°C for 5 to 60 min; then the recording medium was collected and immediately heated at 100°C for 5 min. The medium was then centrifuged at 14,500 × g for 20 min at 4°C, and resultant supernatants were subjected to determination of ATP levels by an ATP measurement kit (Wako, Osaka) according to the manufacturer's instructions. Parallel experiments were invariably done with authentic ATP at a concentration range of 0.1 nM to 0.1 mM to make a standard curve for quantitative normalization.
Measurement of intracellular Ca
2+ levels Cultured neurons were washed once with the recording medium described above and incubated at 37°C for 1 h in the recording medium containing 30 nM Pluronic F-127 and 3 μM Fluo-3 AM, which is a membranepermeable form of the Ca 2+ -sensitive dye. Culture dishes were then washed twice with the recording medium and allowed to settle for at least 1 h in recording medium. The medium was changed once more, followed by exposure to different test drugs and subsequent determination of the fluorescence intensity every 1 min. Fluorescence intensity was normalized after the addition of the Ca 2+ ionophore A23187 at 10 μM (24). Cells were invariably used within 1 to 5 h after these procedures for observation of the fluorescence visualized with a confocal laserscanning microscope equipped with an argon laser. Images were obtained using an objective lens with numeral apertures of 0.5 (Plan-Neofluar) for 20-fold magnification. Fluorescence images labeled with Fluo-3 were collected using an excitation wavelength of 488 nm. Parameters of illumination and detection were digitally controlled for consistent settings throughout the experiments. Two successive digital images were usually collected at 512 × 512 pixels in the same visual field (24) .
Estimation of ΔΨ
Measurement of ΔΨ was performed according to the previously reported procedures (25) with a minor modification (12) . In brief, hippocampal cultures were loaded with 10 μg/ml Rhod-123 AM for 15 min in recording medium at 37°C prior to extensive washing in the recording medium and mounting on the stage of a confocal laser microscope. Rhod-123 AM is a membrane-permeable green fluorescent dye selectively accumulated into mitochondria due to its cationic property (25) . Medium was replaced with the recording medium for subsequent exposure of cells to 10 μM Glu or 100 μM NMDA. The fluorescence intensity was then determined during the exposure at an excitation wavelength of 488 nm and an emission wavelength of 530 nm with intervals of 1 min, respectively. Maximum fluorescence intensity was obtained from images by exposure to the mitochondrial oxidative phosphorylation uncoupler DNP at 200 μg/ml for 5 min. Depolarization of mitochondrial membrane was expressed as a function of Rhod-123 fluorescence [(F − F 0 / F max − F 0 )], where F max was the fluorescence intensity obtained in the presence of DNP at 200 μg/ml. Moreover, the Ca 2+ ionophore A23187 was added at 1 μM, followed by monitoring of the fluorescence intensity for 60 min, and subsequent addition of 200 μg/ml DNP to obtain the maximal response for the normalization as descried above. The number of cells responsive to both NMDA and DNP was also counted for the calculation of percentages of cells with ΔΨ disruption as needed.
Reverse transcription polymerase chain reaction (RT-PCR) analysis
Total RNA was extracted from cultured rat hippocampal neurons using the standard ISOGEN procedure (NIPPON GENE Co., Tokyo), followed by incubation with DNase for 20 min to eliminate the possible contaminated DNA and subsequent synthesis of cDNA with 500 ng Oligo-(dT) primers. The individual cDNA species were amplified in a reaction mixture containing a cDNA aliquot, PCR buffer, dNTPs, rTaq DNA polymerase, and the relevant sense and antisense primers for different molecules. Primers used are all summarized in Supplementary Table 1 (available in the online version only). Reactions were initiated by incubating at 94°C for 5 min and PCR (denaturation at 94°C for 30 s, annealing at 57°C or 63°C for 1 min, and extension at 72°C for 1 min) was performed for appropriate cycles with a final extension at 72°C for 7 min. In preliminary experiments, a clearly linear correlation was optimized with each primer set. Quantitative analysis was done with primers for the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) at cycles below 28 to keep the linear correlation. PCR reaction products were separated on 1.5% agarose gels with ethidium bromide for visualization. The relative abundance of each PCR product was determined by quantitative analysis of digital photographs of gels using Image J software (NIH, Bethesda, MD, USA) (26) .
Data analyses
Quantitative densitometric data are expressed as the mean ± S.E.M. and statistical significance was determined by one-way factorial or two-factor repeated of analysis of variance (ANOVA) with the Tukey-Kramer and Student's t-test.
Results
Neuroprotection by ATP against Glu toxicity
Hippocampal neurons were exposed to Glu at 5 to 500 μM for 1 h, followed by medium replacement with defined DMEM, and further culture for an additional 24 or 48 h for subsequent determination of cell viability with the MTT colorimetric assay. Brief exposure to Glu led to a significant decrease in MTT reduction at a concentration higher than 10 μM on determination 24 h later in hippocampal neurons, while more potent inhibition was seen in MTT reduction determined 48 h after addition (Fig. 1A) . At 500 μM, Glu inhibited MTT reduction by more than 70% on determination 48 h after the brief exposure for 1 h. We next examined the effects of simultaneous addition of ATP on MTT reduction in hippocampal neurons exposed to Glu at 10 or 100 μM for 1 h. The addition of ATP significantly prevented the Glu-induced inhibition of MTT reduction at 1 mM irrespective of the concentration of Glu used (Fig. 1B) . Similarly, Glu at 10 μM significantly decreased the number of living cells determined by Hoechst33342 staining by 60% in a manner sensitive to the prevention by 1 mM ATP (Fig. 1C) . However, ATP alone induced a slight but statistically significant decrease in the number of living cells.
Neuroprotection by ATP against NMDA toxicity
In hippocampal neurons, Glu induced more than 70% inhibition of MTT reduction at 10 μM, while the inhibition was completely prevented by different NMDAR antagonists such as ifenprodil (GluN2B-subunit antagonist) and MK-801 (channel blocker) (12) . Although NMDA similarly inhibited MTT reduction in a concentration-dependent manner at concentrations of 50 to 100 μM with maximal inhibition by 70% at 100 μM in hippocampal neurons, ATP at 1 mM significantly prevented the NMDA-induced loss of cellular viability determined by MTT reduction when simultaneously added with NMDA at 50 μM ( Fig. 2A, left panel) or 100 μM ( Fig.  2A, right panel) . Brief exposure to 1 mM ATP for 1 h resulted in a slight but statistically significant inhibition of MTT reduction in hippocampal neurons (Fig. 2B) . To examine a possible degradation of ATP during exposure for 1 h, cultured neurons were exposed to 1 mM ATP for different periods, followed by collection of culture medium and subsequent determination of extracellular ATP concentrations. However, no significant decomposition of ATP was seen during the incubation with cultured hippocampal neurons for a period up to 60 min (Fig.  2C) .
Pharmacological specificity
In contrast to the neurotoxicity by Glu or NMDA, similarly significant inhibition was seen in MTT reduction after exposure to the oxidative stressor H 2 O 2 at 10 μM irrespective of the further addition of ATP at a concentration range of 10 μM to 1 mM (Fig. 3, left panel) . Similarly, ATP failed to significantly affect the decreased MTT reducing activity by different cytotoxins. These included the mitochondrial oxidative phosphorylation uncoupler DNP (Fig. 3, left middle panel) , the Ca 2+ ionophore A23187 (Fig. 3, right middle panel) , and the ER stressor tunicamycin (Fig. 3, right panel) .
Prevention by ATP of increased free Ca
2+ levels Hippocampal neurons cultured for 8 days were loaded with the intracellular free Ca 2+ indicator Fluo-3, followed by exposure to either 10 μM Glu or 100 μM NMDA for 10 min in either the presence or absence of 1 mM ATP for determination of the fluorescence intensity every 1 min. Quantification of these data clearly revealed that both Glu (Fig. 4, left panel) and NMDA (Fig. 4, right  panel) induced an almost 70% increase in the fluorescence intensity compared to that by the Ca 2+ ionophore A23187 at 10 μM. The increase by both Glu and NMDA was rapid and sustained during exposure for 10 min, but significantly diminished by the further addition of 1 mM ATP. No significant attenuation was seen in the NMDAinduced increase in the fluorescence intensity in neurons further exposed to adenosine at 1 mM (Fig. 4, right  panel) .
Disruption of ΔΨ
For determination of ΔΨ, hippocampal neurons cultured for 8 days were loaded with the fluorescent dye Rhod-123, which is known to be highly accumulated into mitochondria due to its cationic property (25) , followed by incubation with DNP at different concentrations and subsequent determination of the fluorescence intensity. Several fluorescent cells were found even in the absence of DNP, while the number of fluorescent cells was drastically increased in proportion to increasing concentrations of DNP, as well as of Rhod-123, at the concentration range used in cortical neurons (12) Fig. 1 . Effects of ATP on Glu-induced loss of cellular viability in cultured neurons. A) Hippocampal neurons were exposed to Glu at 5 μM to 0.5 mM for 1 h in the absence of MgCl2 and subsequent further culture for an additional 24 or 48 h for determination of MTT reduction. B) Hippocampal neurons were exposed to 10 or 100 μM Glu for 1 h in the presence of ATP at different concentrations, followed by further culture for an additional 48 h and subsequent determination of MTT reduction. C) Hippocampal neurons were exposed to 10 μM Glu for 1 h in either the presence or absence of 1 mM ATP, followed by further culture for an additional 48 h and subsequent staining with Hoechst33342. The number of cells with aggregated nuclei was counted as dead cells for subsequent calculation of living cells. *P < 0.05, **P < 0.01, significantly different from each control value obtained in neurons not exposed to Glu. # P < 0.05, ## P < 0.01, significantly different from the value obtained in neurons not exposed to ATP. Simultaneous exposure to ATP led to neuroprotection from the toxicity by Glu.
Glu markedly increased the number of fluorescent cells 10 min after the addition, while subsequent addition of DNP almost doubled the number of fluorescent cells (Fig. 5A) . Although a marked decrease was induced in the number of fluorescent cells after the addition of 1 mM ATP, DNP similarly increased the number of fluorescent cells irrespective of the further addition of ATP. Quantification of these data clearly revealed that further addition of ATP significantly delayed the rate of increasing fluorescence intensity in cultured neurons exposed to Fig. 2 . Effects of ATP on NMDA-induced loss of cellular viability. A) Hippocampal neurons were exposed to NMDA at 50 or 100 μM for 1 h in the presence of ATP at different concentrations, followed by further culture for an additional 48 h and subsequent determination of MTT reduction. B) Hippocampal neurons were exposed to ATP at different concentrations of 10 μM to 1 mM for 1 h, followed by further culture for an additional 48 h and subsequent determination of MTT reduction. C) Neurons were incubated with 1 mM ATP for different periods from 5 to 60 min, followed by collection of incubation medium for determination of ATP concentrations. *P < 0.05, **P < 0.01, significantly different from each control value obtained in neurons not exposed to NMDA. # P < 0.05, ## P < 0.01, significantly different from the value obtained in neurons not exposed to ATP. ATP was effective in preventing the NMDA-induced decrease in MTT reduction. Hippocampal neurons were exposed for 1 h to 10 μM H2O2, 100 μM DNP, 0.1 μM A23187, and 1 μg/ml tunicamycin in the presence of ATP at different concentrations, followed by further culture for an additional 48 h and subsequent determination of MTT reduction. **P < 0.01, significantly different from each control value obtained in neurons not exposed to any cytotoxins.
Glu. Similarly, ATP significantly delayed the increase in fluorescence intensity in cells exposed to 100 μM NMDA without affecting that by DNP (Fig. 5B) .
To test the possible involvement of particular neurotrophic factors in the underlying mechanism, hippocampal neurons were exposed to 100 μM NMDA in either the presence or absence of 1 mM ATP for 1 h, followed by determination of mRNA expression of a variety of neurotrophic factors. However, neither NMDA nor ATP significantly affected mRNA expression of any neurotrophic factors tested ( Supplementary Fig. 1 : available in the online version only). These included brainderived neurotrophic factor, glial cell line-derived neurotrophic factor, ciliary neurotrophic factor, nerve growth factor, epidermal growth factor, fibroblast growth factor-2, neurotrophin-3, and neurotrophin-4/5.
Discussion
The essential importance of the present findings is that the addition of ATP led to marked amelioration of the loss of cellular viability, the increased intracellular free Ca 2+ levels, and the ΔΨ disruption in cultured rat hippocampal neurons exposed to either Glu or NMDA. Our previous data have clearly demonstrated the participation of NMDAR in all these cellular events seen in cultured rat hippocampal neurons exposed to Glu and NMDA (12) . Although ATP elicits a variety of phenotypes in the brain through activation of different purinergic receptor subtypes expressed by neurons, astroglia, and microglia (27) , the fact that ATP is an antagonist for the cytotoxic GluN2B subunit in a manner independent of different agonists and antagonists for purinergic receptors (20) is unfavorable for the possible participation of particular purinergic receptor subtypes in the amelioration in cultured hippocampal neurons exposed to NMDA with ATP. The previous findings (20) definitely do not point to the involvement of any identified purinergic receptors in the neuroprotection by ATP, whereas the final conclusion should wait for future pharmacological profiling using a variety of novel agonists and antagonists for each purinergic receptor subtype. To our knowledge, at any rate, this is the first direct demonstration of the delayed ΔΨ disruption in association with the amelioration of neuronal cell loss in cultured rat hippocampal neurons exposed to ATP at a high concentration. It is thus likely that ΔΨ disruption is also highly correlated to neuronal cell death mediated by NMDAR in cultured rat hippocampal neurons, in addition to overloaded intracellular free Ca 2+ . The apparent differential profiles between the extents of protection by ATP against the neurotoxicity mediated by Glu and NMDA seem to be derived from the difference in experimental techniques used for the determination of cellular viability in this study. The MTT reduction assay is in principle based on the activity of mitochondria to reduce the dye MTT in living cells, whereas aggregated nuclei originate from cells undergoing apoptotic death in Hoechst33342 staining assays. The former index is based on the vitality in living cells along with the latter index from dead cells. Since the decreased MTT reduction does not always reflect the death of cells, cellular Effects of ATP on intracellular free Ca 2+ levels. Hippocampal neurons were loaded with Fluo-3, followed by exposure to 10 μM Glu or 100 μM NMDA in either the presence or absence of ATP and adenosine at 1 mM for 12 min for determination of the fluorescence. **P < 0.01, significantly different from each control value obtained in neurons not exposed to ATP. ATP was effective in preventing the increased fluorescence in cultured neurons exposed to Glu and NMDA. viability should be evaluated by at least one extra evaluation assay besides MTT reduction determination. Although the reason why ATP did not additionally inhibit the decreased activity of MTT reduction in hippocampal neurons exposed to cytotoxins other than NMDA is not clear so far, but the aforementioned fact that the MTT reduction assay is not always an index of cell death but relevant to mitochondrial activity could account for the paradoxical data. Extracellular ATP levels are supposed to be at a micromolar concentration range under physiological conditions, whereas ATP could be released from the cytosol of damaged cells or from exocytotic vesicles and/or granules contained in many types of secretory cells, including neurons, astroglia, and microglia in the brain, to a millimolar concentration range under pathological conditions (28 -30) . Furthermore, ecto-ATP synthase is highly localized at the surface of neurons as a molecule required for extracellular ATP generation and proton homeostasis (31) . Accordingly, extracellular ATP levels would be close to a concentration sufficient to delay ΔΨ disruption mediated by overactivation of NMDAR in neurons in a particular situation.
Glu-induced neuronal death was shown to require mitochondrial Ca 2+ entry (32) , in fact, while mitochondria are a primary mediator of the Glu toxicity (33) . Mitochondria are indeed an organelle essential for cellular respiration as well as a key mediator of cell death through apoptotic and/or necrotic processes (34, 35) . Intracellular free Ca 2+ would induce the opening of the mitochondrial permeability transition pore (36, 37) , toward an increased permeability of mitochondrial membranes for the leakage of fatal molecules such as cytochrome c and subsequent mitochondrial swelling (38) . Ca 2+ entry could easily occur into mitochondria after activation of NMDAR rather than other Ca 2+ gates including kainate receptors and voltage-sensitive Ca 2+ channels (39). Taken together, the present findings on intracellular free Ca 2+ levels and disruption of ΔΨ argue in favor of the possible crosstalk between signals for Ca 2+ entry across NMDAR channels in membranes of hippocampal neurons. Several independent lines of evidence indicate the importance of the route of the entry rather than the intracellular level for the neurotoxicity mediated by free Ca 2+ in neurons. Ca 2+ loading via NMDAR is highly toxic, for example, while identical Ca 2+ loads through voltage-sensitive Ca 2+ channels are completely innocuous in cultured cortical neurons (40) . Voltage-sensitive Ca 2+ channels are shown to mediate the new protein synthesis toward neuronal survival (11) .
In acquired NMDAR channels composed of GluN1/ GluN2B subunits in Xenopus oocytes, nevertheless, ATP strongly inhibits NMDA-induced inward currents through the Glu-binding pocket on the GluN2B subunit without affecting those in artificial channels devoid of this subunit (20) . These previous findings are in agreement with the present proposal that extracellular ATP would selectively protect neurons from the excitotoxicity of NMDA through a mechanism related to the inhibition toward attenuated intracellular free Ca 2+ increase and delayed ΔΨ disruption. The possibility that any damaged cells could simultaneously liberate the excitotoxin Glu and the protectant ATP enriched in the cytoplasm to adjacent neurons in a particular situation in the brain is thus conceivable. The preferential protection by ATP against the cytotoxicity of NMDA, but not of ER, Ca 2+ , oxidative, and mitochondrial stressors, gives support for the possible conflicting interaction between Glu and ATP on NMDAR in hippocampal neurons. By taking into consideration the effective concentrations of both ligands, ATP would have much lower affinity than Glu and NMDA for the recognition domain on the receptor complex.
It thus appears that extracellular ATP ameliorates the excitotoxicity mediated by NMDAR through a mechanism relevant to the delayed ΔΨ disruption in hippocampal neurons following a massive leakage from neighboring damaged cells in the CNS. Elucidation of the underlying mechanism would give us a clue for the development of novel strategies to protect vulnerable populations of neurons from both endogenous and exogenous neurotoxins seen in a variety of neurodegenerative disorders.
